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Unlimited Electron Acceleration in Laser-Driven Plasma Waves
T. Katsouleas and J. M. Dawson

University of California, I.os Angeles, California 90024
(H,eceived 8 April 1983)

It is shown that the limitation to the energy gain of 2(ru/~P mc of an electron in the
laser-plasma beat-wave accelerator can be overcome by imposing a magnetic field of
appropriate strength perpendicular to the plasma wave. This accelerates particles par-
allel to the phase fronts of the accelerating wave which keeps them in phase with it.
Arbitrarily large energy is theoretically possible.
PACS numbers: 52.75&i, 29.15.-n, 52.60.+h

Recently there has been a great deal of interest
in using laser-plasma interactions to accel.crate
particles to high energies more rapidly than the
20 MeV/m to which linear accelerators are cur-
rently limited. ' The beat-wave acce1.erator is
one scheme proposed by Tajima and Dawson' to
excite electrostatic plasma waves which can ac-
cel.crate particles; the attraction of the method
is the extremely large electric fiel.ds which can
be generated (order 10' V/cm). Whereas parti-
cles in the beat-wave acceI.erator can gain only
a finite amount of energy before they get out of
phase with the beat wave, by introduction of a
perpendicul. ar magnetic field the particl. es are
def1.ected across the wave front and thereby pre-
vented from outrunning the wave. The partic1. es
may be accelerated to arbitrarily high energy as
they ride across the wave fronts l.ike surfers
cutting across the face of an ocean wave (see Fig.
1).
Sugihara and Midzuno' and Dawson et al.' have

shown that classical. particles trapped by a per-
pendicularly propagating el.ectrostatic wave are
acce1.crated until. they detrap near the E &&8 ve-
locity (cE/B). In this Letter we consider the rela-
tivistic effects introduced when the E & B vel.ocity

A

B, z

d(y V, )/dt =—~,V„,
y (I V 2/Q2 V 2/c2) 1/2

(2)

where ~, is the nonrelativistic cyclotron frequen-
cy qB/mc and V„and V, are velocities in the x
and y directions, respectively. To solve for the
partic1. e's motion we assume that it is trapped by
the wave. The criterion for the particle to be
trapped can be obtained by examining the x com-
ponent of the force on the partic1. e in the suave
frame:
E„=q (E,sink x, + y&z V,'B/c),

where y ~h
= (1—Vp„'/c') ' ', V~„=~/k, x, =x —V~„t,

and V,' is the y velocity in the wave frame. The
first term of the Lorentz force is the trapping
term and the second is the gyratory or detrapping
term. Therefore, an initially trapped partic1, e
can never detrap if

is greater than the speed of light (i.e. , E &B) and
when the wave's phase velocity is not smal. l. com-
pared to c.
We begin by giving a general. treatment of the

trapped-particl, e motion analytica1. ly and numeri-
ca1.1y, followed by appl. ication of these results to
the beat-wave example. We consider a longitud-
ina1. plane-wave el.ectric field and uniform mag-
netic fiel.d,

E=E,sin(kx —(ot) x, B=Bz.
The equations of motion for a particle of charge
q and rest mass m are given by

d(yV„)/dt = (qE,/m) sin(kx —~t )+ tc, V, , (1)

& P~& ~&0. (4)

x, E
FIG. 1. An electron trapped by a potential trough

moving at 0 & sees an electric field from the Lorentz
transformation y &0 h x 5/c which accelerates it
across the wave front.

For the zeroth-order motion we assume that
(4) is satisfied so that we may take V, =V&q. In-
tegrating equation (2) and substituting from (3)
gives

y „(1+tv, 't'V '/c')'~'
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Alternatively, in terms of distance in the direc-
tion of the wave, we have

y(x) y (1+ ~ 2x2/c2)1/2 (7b)

These are plotted in Fig. 4 along with the numer-
ical results corresponding to the particle of Fig.
3(a). It is clear from Eq. (7) that a high-phase-
velocity wave is advantageous for rapidly accel-
erating particl. es in addition to minimizing the
damping of the trapping wave by the thermal. plas-
ma.
We now appl. y our acceleration results to the

example of the fast el.ectrostatic (upper hybrid)
wave which may be created by the beat-wave
technique' or by forward Haman scattering of a
single incident laser beam. ' In this case, the
phase vel.ocity of the el,ectrostatic wave is the
group vel.ocity of the incident wave; namely, Vp&
=c(1—~~'/~, ')'~'= ~„„/k = &u~ /k [~, is the angu-
l.ar frequency of the incident laser; ~~ is the
plasma frequency (su~'= 4wn, e'/m, ); e is the elec-
tronic charge; ~UH =~~ +~ce t RO is the plasma
density; and the subscript e denotes electron
quantities]. By approximating cuUH = &o~ we have
neglected the effect of the magnetic field on the
dispersion properties of the ylasma wave. This
is justified by the trapping inequal. ity (4) which
takes the form

~&/~, &y,~/e, (8)

where we have taken E, to be a fraction & of the
field given by the cold wave-breaking limit'
(4@en,/k). Normal, ly one would take & to be
enough l.ess than I that the cold background plas-
ma cannot be trapped [order (1-3)V,&/c; V,„is
the plasma thermalvel. ocity]. In this way inject-
ed high-energy particl. es can be preferential. ly
aceel.crated.
Final. iy, with Vz&= ~,/or~ we obtain the change

iny per unit distance from Eq. (7):
by/b. y = wc~ co, /conc, by/bx = cu, m, /&u~',

where the latter expression is val. id for ao, t»1.
If we multiply by the rest energy (mc') the mass

dependences cancel, and we obtain from these
and inequality (8) the following handy formulas
for the rate of energy gain of either electrons or
protons:

BgG/n~e&p& c,
bU/by = (30 GeV/cm)(BgG/n„X „)I/X „,
bU/&x=(0. 1 GeV/cm)(B&~/n„X„)Kn„,

(10a)
(10b)

where B&~ is the magnetic fiel.d in units of kil.o-
gauss, n„ is pl.asma density in 10'6/cm', and X„
is the wavelength of the incident laser in microns.
Several examples are presented in Table I with

length (b,x), width (by), and incident laser power
(P,.) requirements for accelerating particles to
1 TeV. The power requirement is given in watts
per square centimeter instead of watts since the
total. power depends on 4y and how small the la-
ser can be focused in the s direction. The length
requirements of the unmagnetized beat-wave ac-
celerator (b.xB&A) corresponding to the same
wavelength laser and same & are al.so given. In
contrast to the unmagnetized case, arbitrarily
higher energies can (theoretical. ly) be reached
with our arrangement, the Surfatron, by merely
extending the device.
An advantage of the Surfatron accel, eration

mechanism is that the yower radiated is negligi-
bl.e. If Vzh is nearl. y c, a trapped particle's ve-
locity is primaril. y in the direction of the wave
whil. e its accel.eration is primarily perpendicul, ar
to the wave. Thus, the power radiated will be'

P y-'-[(P—)' (PxF)']=— y'p'/y '
3 c 3 c ph

(p =V/c) which is iess by the factor y „~ than
that of a conventional. linear accel.erator.
The real. izability of a Surfatron acce)erator de-

pends on the successful extension of current tech-
nologies. To keep the laser beam from spread-
ing, one might use a yl.asma wave guide with the
plasma density slightly lower at the center of
the channel. than at the edge. To confine a diffrac-
tion-limited beam of width 4 one needs an in-

'TABLE I. Sample parameters to reach 1 TeV.

n (cm ) ). (pm) & B~G by (m) bx (m) bxp~A (m) P. (W/cm )

1O"
10
1O"

10 0.9 90
1 0.5 50
0.3 0.2 600

3
0.6
0.5

35
20
5

3500
850
1000

1015
1016

5x1O"

394

utilize gyro-kinetics

Δy >> plasma dimension !

where !L ! eB=mc is the Larmor frequency, !ie ! 3:4"
105T3=2

e =#z2Ni!$ is the collision time where z is the ion
charge, Ni is the ion density, and ! is the Coulomb loga-
rithm, the plasma becomes magnetized [10]. The electron
temperature increases as Te#!$!1:4%Te#0$5=2 & "e"0!'2=5

due to collisions [5], where "e ( e2E 2=4m!2, E is the
laser prepulse electric field, and ! and ! are its frequency
and duration. "0 is the collision frequency at Te ! 1 eV. A
prepulse with its intensity I ! 4" 1013 W cm) 2 and du-
ration ! ! 2 ns (* 5% of the main pulse energy) heats
electrons in plasma with density Ni ! 4" 1019 cm) 3 up
to Te ! 1 keV. Such plasma is magnetized if B is greater
than 0.15 T.

Because the highest energy of a tightly focused laser
prepulse is deposited at the focus point, plasma produced
by this prepulse can be magnetized only in the vicinity of
the focus while the periphery of the plasma remains un-
magnetized. The shape of such plasma is changed by a
magnetic field; therefore a two-cone structure may appear.
As a result, higher intensity is focused in the vicinity of
steep plasma density with the larger number of injected
electrons. In the present Letter we study the effect of an
external static magnetic field on the electron self-injection
and laser wakefield acceleration.

The experimental setup is shown in Fig. 1 (see also
Ref. [4]). In addition to Ref. [4], the two ring-shaped
permanent magnets (with inner bore of 6 mm, thickness
of 6 mm, and the distance between the two magnets of
10 mm) are set on the laser axis in front of and to the rear of
the nozzle, making a uniform magnetic field in the gas jet
target region in the laser axis direction with B ! 0:18,
0.20, or 0.22 T. The gas density at the exit of the nozzle
ranges up to 6" 1019 cm) 3. The solenoid valve
(Smartshell Co, A6 series) is shielded to work under the
strong magnetic field [11].

The 17 TW-40 fs Ti:sapphire laser system (See Ref. [4])
generates the main pulse with the smallest intensity of
amplified spontaneous emission accessible (a contrast ratio

of + 5" 10) 7 at 150 ps and of + 1" 10) 3 at 1 ps prior to
the main pulse; the pulse duration of these pedestal + 1 ns
with energy + 5% of total pulse energy). A laser pulse with
12 TW power is focused to the gas jet through a hole of the
ring magnets by an off-axis parabolic mirror with a focal
length of 178 mm f=3:5 as shown in the inset of Fig. 1. The
focus position is * 170 #m from the front edge of the slit
nozzle boundary at a height of 1.5 mm from nozzle exit.
The focal spot size is 6:0 #m in full width at 1=e2 of
maximum with &25 #m Rayleigh length. The maximum
laser intensity on the target is estimated to be I ! 4:2"
1019 W=cm2.

In order to study effects of the external static magnetic
field, the measurements of plasma density dynamics by the
shadowgraph, the spatial and energy distribution of the
electrons, and the charge are taken by one shot with and
without external magnetic field. The setup and the details
of one shot measurements are described in Ref. [4]. A
phosphor screen (DRZ) laminated with a 300 #m titanium
foil is put 300 mm from the gas jet to eliminate any effect
of the target static magnetic field. The scintillating images
on the DRZ by the deposited electrons are recorded by the
image-intensified charge coupled device (ICCD). This
setup allows one to detect the energy spectrum of the
electron beam from 7 to 60 MeV. The total charge of the
electron beam is measured by an integrated current trans-
former (ICT). It has an entrance aperture of 55 mm with an
acceptance cone angle of * 15,. The ICT signal is cali-
brated using the electron beam from the S-band linac [12].

The results of the measurements show the strong effect
of the magnetic field on the characteristics of accelerated
electrons including their emittance. Figures 2(a) and 2(b)
show the spatial distribution of the accelerated electrons
obtained with (a) B ! 0 T and (b) B ! 0:20 T for a gas
density of 4" 1019 cm) 3. The arrows with E in Fig. 2
indicate the polarization axis of the laser pulse. If there is
no magnetic field [see Fig. 2(a)], wide, spotted, and un-
stable distributions over the screen are observed. On the
other hand, if magnetic field B ! 0:2 T is applied as shown
in Fig. 2(b), a very narrow electron beam at the center of
the screen is clearly detected. The transverse profile of the
beam is also inset in Fig. 2(b). The size of beam spot is only
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FIG. 1. Experimental setup. A supersonic slit nozzle with ring
magnets is magnified in the inset.

FIG. 2. Typical images of electron deposition on the DRZ
screen. NHe!4"1019cm) 3 and of 12 TW laser pulse. (a) B!
0 T and (b) B ! 0:20 T.
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3.6 mm (FWHM), which corresponds to a divergence angle
of !0:7", while without magnetic field it is about 50 mm
and!10", respectively. The corresponding transverse geo-
metrical emittance of the electrons in the presence of
magnetic field is as small as !0:02! mm mrad. Since the
electrons move out of the target magnetic field, we exclude
its direct effect on the electron emittance. With increasing
the magnetic field up to 0.22 T, the size of the spot
decreases slightly down to 3.2 mm (FWHM). A similar
picture is observed for lower gas densities. With a decrease
in the strength of the magnetic field down to B # 0:18 T
we observe a thresholdlike change in the image. The
distribution becomes spotted as if there is no magnetic
field although the external magnetic field exists.

In Fig. 3 (1)–(9), nine sequential shot images of the
electron beam generated with the magnetic field are shown.
The center axis of the main pulse is marked by dashed
lines. Very high stability and reproducibility of the char-
acteristics and position of well-collimated electron beams
is detected. This stability is key part of acceleration strat-
egy that requires further injection of the accelerated elec-
trons in a capillary discharge for further acceleration or
energy correction [5,13].

The intensity dependence of the total charge of the ac-
celerated electrons with (a) B # 0 T and (b) B # 0:20 T
obtained by the ICT is shown in Fig. 4. One can see a rapid
increase of the total charge with the laser intensity as it
should be followed from the Ref. [9]. With the magnetic
field the total charge increase !10 times. It can be ex-
plained only by suppression of diffraction of the main
pulse in the preplasma with the intensity increase in the
vicinity of the self-injection. To be sure that the charge is
increased by the injection and not by the collection of

lower energy electrons at the DRZ screen, we measure
the electron energy spectrum for both cases. Typical en-
ergy spectra of electrons measured with B # 0 T (a) and
B # 0:20 T (b) are shown in Fig. 5. It is apparent that the
number of electrons increases proportionally for all energy
ranges. In both cases the energy distribution is detected to
be Maxwellian with an effective temperature Th !
25 MeV that does not depends on the magnetic field.

We also perform a 2D particle-in-cell simulation for
electron acceleration with and without the magnetic field
for the laser intensity I # 2:3 $ 1019 W cm% 2, pulse dura-
tion " # 40 fs focused to a 10 #m spot size in the plasma
with its electron density 6 $ 1019 cm% 3, and 25 #m length

FIG. 3. Images of the electron beam generated with B #
0:20 T, NHe # 4 $ 1019 cm% 3, and a laser power of 12 TW; 9
sequential shots.
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FIG. 4. The intensity dependence of the total charge of the
accelerated electrons for NHe # 4 $ 1019 cm% 3. (a) B # 0 T
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FIG. 5. Typical energy spectra of accelerated electrons for
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Effects of high solenoidal magnetic fields on rf accelerating cavities
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We have measured the effects of high (0– 4.5 T) magnetic fields on the operating conditions of
805 MHz accelerating cavities, and discovered that the maximum accelerating gradient drops as a function
of the axial magnetic field. While the maximum gradient of any cavity is governed by a number of factors
including conditioning, surface topology and materials, we argue that J!B forces within the emitters are
the mechanism for enhanced breakdown in magnetic fields. The pattern of emitters changes over time and
we show an example of a bright emitter which disappears during a breakdown event. We also present
unique measurements of the distribution of enhancement factors, !, of secondary emitters produced in
breakdown events during conditioning. We believe these secondary emitters can also be breakdown
triggers, and the secondary emitter spectrum helps to determine the maximum operating field.

DOI: 10.1103/PhysRevSTAB.8.072001 PACS numbers: 29.17.+w, 52.80.Vp, 73.22.2f

I. INTRODUCTION

Cooling beams of muons in flight requires absorbers to
reduce the muon momentum, accelerating fields to replace
the lost momentum, and static solenoidal magnetic fields to
focus the muon beams [1,2]. The process is most efficient if
both the magnetic fields and accelerating fields are high. In
order to study the interactions of a static magnetic field
with the operation of high gradient accelerating fields we
have conducted tests to determine the operating envelope
of accelerating cavities in high magnetic fields. These
studies have already produced useful information on dark
currents, the environment of field emitters in cavities,
conditioning and breakdown mechanisms [3]. This paper
discusses measurements made to determine the highest
operating field compatible with a given magnetic field
and understand the mechanisms limiting this operation.

II. MEASUREMENTS

Two 805 MHz cavities were used, one was a six-cell
standing wave structure 1 m long, and the other was a
simple pillbox, 8.64 cm long, which had replaceable end
windows to terminate the electric field. These cavities were
operated on the axis of a solenoidal field created by super-
conducting Helmholtz coils mounted in a structure with a
warm bore of 0.44 m. The geometry was described in
Ref. [3]. Both cavities were operated at maximum surface
fields from 40 to 60 MV=m.

While the majority of the operation was done either with
no field or B< 2:5 T, the coil system was operated at up to
4.5 T with the fields adding, producing a solenoidal field,
and with the coils bucking each other, which produced a
gradient of up to 20 T=m at the center of the magnet.
Because of the size of the six-cell cavity, only one end of
this cavity was exposed to the maximum field. The major-
ity of the results from operation of the six-cell cavity in the
field, describing changes in the radiation environment,
field emitted dark current orbits and cavity damage have
been published [3]. The geometry of the six-cell cavity was
complex, with oblate spheroidal cells separated by blunt
irises where the magnetic field and electric fields were, in
general, not parallel.

The pillbox cavity, shown in Fig. 1, was different in a
number of ways. Because of the flat walls, the electric and
magnetic fields were roughly parallel throughout the cav-
ity. Removable windows permitted study of the breakdown
damage with a variety of materials. Thin (0.254 mm) Be
windows, used for most of the operation, permitted study
of field emitted electron beams, which in turn produced
information on the structure of the surface. We could watch
the spatial distribution of secondary field emission sources
change over a period of weeks. The conditioning process to
reach full field (arbitrarily limited at 40 MV=m) took on
the order of a week after passing through low power multi-
pacting zones. Some results from measurements using this
cavity were presented at PAC03 [4,5].

Data taken over a period of 6 months with different
magnetic configurations are shown in Fig. 2 [6]. We plot*Electronic address: norem@anl.gov
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Figure 1 : Conceptual map of plasma wakefield

acceleration in a hollow plasma channel.

From: Positron acceleration in a hollow plasma channel up to TeV regime
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Figure 2: Dispersion relation for waves propagating along (left) and across (right) the background
magnetic field direction.

Here, the quantities r, v, and p correspond to the position, velocity and momentum coordinates
of phase-space. Ew corresponds to be the wave electric field while B is the total magnetic field.
The total magnetic field can be decomposed into B = Bw + B0 where Bw is the wave magnetic
field while B0 represents the static background field.

Maxwell’s equations govern the evolution of the wave electric and magnetic fields and are given
by, (3)-(4),

∇× Ew = −∂Bw

∂t
(3)

∇× Bw = µ0

(
Jb + Jp

)
+

1
c2

∂Ew

∂t
(4)

The quantities Jb and Jp represent the currents due to the beam and background plasma respec-
tively. The plasma feeds back to the waves through these self-consistently formed currents and
space-charge density.

2.1 Wave-Particle Interactions in Magnetized Space Plasmas

For simplicity of presentation, we consider the case of waves propagating parallel to the back-
ground magnetic field at frequencies less than the gyrofrequency ωc. In the space environment,
this is a typical regime of interest and corresponds to electron interactions with whistler mode
waves. Whistler-mode waves correspond to the lower branch of the R-mode (shown in Fig.2). A
similar analysis will also work for the upper R mode and L mode with the appropriate change
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4. Beam energy spectrum modification - Characterize the e↵ect of magnetic field (axial
and transverse) applied to a gas-cell for various gas densities by comparing the beam
energy spectrum characteristics in magnetized vs. unmagnetized plasma for di↵erent laser
energies with fixed focal spot-size and under laser ionization.

5. Beam profile modification - Characterize the e↵ect of magnetic field (axial and trans-
verse) applied to a gas-cell for various gas densities by comparing the beam spatio-temporal
profile in magnetized vs. unmagnetized plasma for di↵erent laser energies with fixed focal
spot-size and under laser ionization.

6. Magnetic field orientation on beam - Characterize the e↵ect of the orientation of
the external magnetic field applied to a gas-cell by comparing the beam energy spectrum
and profile before and after the laser-ionized plasma under magnetized vs. unmagnetized
plasma conditions over a range of gas densities.

3 Introduction

3.1 Overview

The interaction between electromagnetic waves and high energy particles in plasma environ-
ments is an important component of both laboratory and space plasma physics. In particular,
wave-particle interactions in near-Earth space are often dominated by waves that exist only in
magnetized plasmas. Laboratory beam-plasma interactions in a magnetized scenario are also a
topic of recent theoretical e↵orts that seek to improve acceleration and energy coupling mecha-
nisms. Magnetized plasma waves can thus be used as a tool to both probe space plasmas and
to optimize wave-particle interactions in the laboratory environment.
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The generation of plasma waves from high energy electron beams and the acceleration of
electron beams in magnetized plasmas is at present insu�ciently understood and in need of
deeper theoretical and experimental investigation. The goal of the proposed e↵ort is to determine
optimal electron beam parameters that can generate the desired magnetized plasma waves and
accelerate particles for laboratory and space applications. Experiments at Brookhaven National
Laboratory’s Accelerator Test Facility (BNL-ATF) will be performed to validate simulations.

3.2 Intellectual Merit

• The e↵ort will leverage magnetized plasma simulation capabilities developed over several
years to understand and exploit wave-particle interactions in laboratory and space plasmas.
Using large-scale particle-in-cell (PIC) simulations we will identify parameters of the wave,
beam, plasma, and magnetic field that have significant e↵ects on energy coupling.
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4. Beam energy spectrum modification - Characterize the e↵ect of magnetic field (axial
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5. Beam profile modification - Characterize the e↵ect of magnetic field (axial and trans-
verse) applied to a gas-cell for various gas densities by comparing the beam spatio-temporal
profile in magnetized vs. unmagnetized plasma for di↵erent laser energies with fixed focal
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plasma conditions over a range of gas densities.
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was demonstrated using externally applied transverse magnetic fields. Under the effect of the
magnetic field the electrons bounce in magnetic bucket in the transverse direction and thus do
not longitudinally de-phase with an electrostatic plasma wave. The effect of externally applied
magnetic field has however not yet been fully studied in the nonlinear blowout regime of rela-
tivistic plasma waves.

1.1 Beam-Driven Wave Generation and Acceleration

The ability to generate desired plasma waves by injecting a particle beam with a satellite based
linear accelerator has received considerable attention and a NASA mission is planned for 2019
(CONNEX) [12]. The basic idea is that an injected electron beam will gyrate around magnetic
field lines and radiate plasma waves for a short period of time. The generated waves can in turn
propagate and deflect other high energy electrons of interest. In the space environment, these
seed waves can consequently get amplified via plasma instabilities and have a dramatic effect on
surrounding high energy particles [13, 14]. In principle, the appropriate wave modes can thus
be generated by manipulating the injected beam angle (relative to the magnetic field), duration,
density, and energy.

In a laboratory environment, magnetized plasma modes can be excited by a relativistic electron
beam in magnetized plasma if the plasma density and magnetic field strength are appropriately
chosen. At a facility such as BNL-ATF, a laser pulse will be used to ionize a plasma channel where
an electron beam can then generate magnetized plasma wave modes. A long wavelength CO2
laser at 10µm may also be used to excite the electrostatic mode. By lowering the plasma densities
in the limit of laser self-guiding, magnetized laser-plasma interaction may also be accessible.

Despite the disparate scales of the space and laboratory environments, they are governed by the
same physical principles. Specifically, when an electron beam with velocity vb is injected into a
magnetized plasma environment, the wave frequencies generated by the beam will satisfy the
Doppler shifted condition (1),

ω = kvb ± n
ωc

γ
(1)

The quantities ω and k correspond to the wave frequency and wave number that are related by the
background magnetized plasma dispersion relation. The term ωc is the electron gyrofrequency
and quantifies the effect of the background magnetic field. The value n can take on any integer
value. The expression in (1) essentially corresponds to n-th order cyclotron resonance. Typically
the first few values of n will dominate the interaction process [15]. However, determining exactly
what wave frequencies and wave modes are excited by the beam in the nonlinear regime is still an
active subject of research. Additionally, the beam can draw energy from the magnetized plasma
and be accelerated in the process which is another nonlinear phenomenon that is a subject of
research.

Previous theoretical and experimental studies have looked into related questions on wave gen-
eration and beam acceleration [16–20]. However, there are several open questions regarding the
optimization of beam parameters for generating the desired waves and accelerating the beam
in magnetized plasmas. Specifically, the interaction of ultra-relativistic beams with magnetized
plasmas is not well understood. Additionally, correctly designing beam parameters for gener-
ating the desired waves for space plasma studies is also an active area of research. Fortunately,
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Figure 5: Preliminary PIC simulations of a laser-ionized magnetized plasma interaction with an
injected electron beam.

the wave-particle interaction dynamics. Upon gaining understanding of the dynamics in
the ultra-relativistic regime, a PIC simulation campaign will be carried out to best match
the experimental conditions at BNL-ATF. This stage will conclude with the examination of
a few 3D PIC simulations to better predict the expected results from the experiments or to
interpret the experimental data obtained.

3. Optimization: In the next stage, the orientation of the magnetic field, transverse and lon-
gitudinal to the beam axis will be characterized corresponding to the identified parameters
that show the most promising results. From these simulations, the the magnetic field ori-
entations and beam parameters that can be measured in the lab under a realistic parameter
regime will be identified for optimizing beam acceleration and wave generation respec-
tively. The effect of controlled inhomogeneity of the magnetic field will also be modeled
as it is known to be an important component. This stage will conclude with a 3D PIC
simulation campaign to model the combination of magnetic field configurations and beam
parameters that can reproduced with experiments at BNL-ATF.

4. Laser Effects: For this stage, the effect of the introduction of a high-intensity laser as an
additional pump in the interaction between the beam and the plasma will also be modeled.
The effect of the above identified magnetic field configurations, electron bunch parameters
and plasma densities will be utilized to model the interaction where the electron bunch
co-propagates with a laser-driven plasma wave. The laser pulse intensity will be varied
to determine the effect of different magnetization levels and different plasma wave pertur-
bations. This stage will also end with a set of well-identified 3D PIC simulations of laser
driven plasma waves and energy extraction by an ultra-relativistic electron beam, such that,
it can be tested in the lab.

Preliminary 2D PIC simulations results (using modified EPOCH code) of laser-ionized magne-
tized plasma interaction with an injected electron beam that is not mono-energetic is shown in
Fig. 5. As shown, the beam energy spectrum after an interaction time of 1ps with a laser-driven
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Figure 2: A simplified schematic of the proposed experiment.

The diagnostics of magnetized plasma waves will be primarily through the modulation of the
energy and spatial profile of the electron beam, where the particles in the trailing part of the
beam are likely to undergo significant wave-particle interactions. The co-propagating laser will
also be used as a diagnostic primarily through measuring its polarization rotation, transverse
profile and its energy loss in the plasma.

In the first-stage of experiments the laser will be primarily used to ionize the plasma (and
as a diagnostic) whereas the 1 - 10ps electron beam will be used to excite magnetized plasma
waves. This allows access to relatively low frequency electromagnetic modes in the plasma. The
exact beam, plasma density and magnetic field parameters for this stage of the experiments will
be identified using PIC simulations. The main aim of this stage will be to examine the e↵ect
of a Tesla-scale magnetic field on the electron beam and laser energy absorption by scanning
over various combinations of plasma density, electron beam properties and magnetic field orien-
tations. However, if time permits or in case the electron beam is unavailable due to unforeseen
circumstances, the high intensity laser pulse may also be used to drive magnetized plasma waves.

In the second-stage of experiments an electromagnet may be used to tune to arbitrary
magnetic field strengths and orientations. In this stage a full parameter scan of a combination
of plasma densities and magnetic field strengths will be performed. In this stage a beam energy
chirp may also be considered to probe the resonance conditions with di↵erent magnetized plasma
waves as their configuration is identified from the first-stage.

In the third-stage the experiments laser will also be used as an excitation pump in the
plasma in addition to the electron beam. In this stage, the relativistic electron beam will be made
to co-propagate with the laser to examine the wave-particle interaction e↵ects in a relativistic
frame of reference of the laser driven waves. Laser ionization injected low-energy electron beams
may be available for comparison against plasma waves driven by barely relativistic beams. In
this stage of experiments, depending upon the nature of the results in the previous stages a
superconducting magnet may be considered to repeat stages 1,2 and 3.
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Plans
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Year 1
Laser-ionized plasma – beam-plasma interactions
- Pressure scan with fixed applied B-field
- Axial and transverse B-field configuration
- Preliminary studies with rare-earth or other permanent

magnet
- Observe beam energy spectrum
- Beam profile (transverse)

Year 2
Laser-ionized plasma – beam-plasma interactions
- scan over beam energies
- Scan over beam properties (spot-size, charge length)
- scan over magnetic field orientations



Plans contd…
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Year 2 continued
- Preliminary laser-driven waves in magnetized plasmas 

(effect on laser exit mode and laser energy)

Year 3
Laser and beam-plasma – magnetized plasmas
- Try stronger magnetic fields (superconducting ? others…)
- Laser-driven plasma interactions with magnetic field

orientations
- Nonlinear laser-driven plasma wave and ultrashort beam 

overlap
- Optimize pathways for beam energy gain and emittance 

enhancement



Parameter Nominal Requested
Beam Energy (MeV) 50-65 10 – 50 MeV

Bunch Charge (nC) 0.1-2.0 Bunch length & emittance vary with 
charge

Compression Down to 100 fs (up to 1 kA 
peak current)

0.1 to 10 ps

Transverse size at IP 
(sigma, um)

30 – 100 (dependent on IP 
position)

It is possible to achieve transverse sizes 
below 10 um with special permanent 
magnet optics.

Normalized Emittance (um) 1 (at 0.3 nC) Variable with bunch charge
Rep. Rate (Hz) 1.5 3 Hz also available if needed
Trains mode Single bunch Multi-bunch mode available. Trains of 24 

or 48 ns spaced bunches.

Special Equipment:
magnetic field – permanent or other electromagnet setup
transverse deflecting cavity, bolometer

Electron Beam Requirements



Year 1 (regen only, 1.5 or 3 Hz)
3 GW max (2 ps, 6 mJ)
~ 10.2 um
M2 ~1.5
linear polarization (circular available at slightly reduced power)
likely to be sufficient for laser ionization

Year 2 (full power, ~1 shot per minute)
isotopic gas in final amplifier
2 TW max (2 ps, 4 J, single pulse)
10.2 um
M2 ~ 2
linear polarization
Required for

CO2 Laser Requirements
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2019 Experiment Time Estimates

Run Hours (include setup time in hours estimate):
Number of electron beam only hours: 0
Number of CO2 laser hours 

delivered to laser experiment hall (”FEL room”): 0
Number of CO2 laser hours, + ebeam, 

delivered to electron beam experiment hall: 60 - 80 hours

Overall % setup time: 25-35%

Hazards & installation requirements:
Large installation (chamber, insertion device etc…): Y/N
Laser use (other than CO2): No
Cryogens: Possibly needed in Year 3
Introducing new magnetic elements: Yes Critical
Introducing new materials into the beam path: No
Any other foreseeable beam line modifications: No

11


